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Abstract 
The present study tested the hypothesis that a deficit in the inherent approximate number 
system (ANS) results in risk for poor long-term outcomes in mathematics.  Preschool 
children (n = 138) were administered measures of executive function (EF), intelligence 
(IQ), preliteracy, and a mathematics achievement test, along with a battery of quantitative 
tasks.  The latter included an ANS measure and, as a contrast, a measure of children’s 
knowledge of the quantities represented by number words (cardinal knowledge), the first 
quantitative symbols children learn.  Children’s performance on the ANS measure 
predicted mathematics achievement, with control of EF, IQ, and early preliteracy skills, 
but this relation disappeared when children’s cardinal knowledge was controlled.  
Children who scored below the 15
th
 percentile on a residualized ANS variable (covarying 
EF, IQ, and preliteracy) had lower mathematics achievement than other children, even 
with control of cardinal knowledge, in keeping with the ANS deficit hypothesis.  Parallel 
analyses, however, suggested children’s emerging understanding of cardinal value was 
relatively more important to their early mathematics achievement than the ANS.  
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Predicting Risk of Mathematical Learning Difficulties in Preschoolers: the Role of 
Symbolic and Nonsymbolic Quantitative Knowledge 
Basic mathematics skills contribute to employability and wages in adulthood, 
above and beyond the influence of reading ability, intelligence, and ethnicity (Rivera-
Batiz, 1992).  Risk for poor mathematical abilities in adulthood is discernible as early 
kindergarten.  In an analysis of several large, national longitudinal studies Duncan et al. 
(2007) found that children’s performance on mathematics achievement tests at school 
entry were consistently associated with their mathematics achievement throughout 
schooling.  More precisely, children’s knowledge of Arabic numerals and the relations 
between them at the beginning of first grade is predictive of their performance on 
numeracy tests that measure young adults’ employability and wages in adolescence 
(Geary, Hoard, Nugent, & Bailey, 2013).  Although the importance of school-entry 
mathematical competencies for later learning is well established (see also Aunola, 
Leskinen, Lerkkanen, & Nurmi, 2004; Jordan, Kaplan, Locuniak, & Ramineni, 2007; 
LeFevre et al., 2010), the preschool quantitative knowledge that is foundational for these 
school-entry competencies is not well understood.   
 Accordingly, in the current study, I explore preschoolers’ quantitative 
competencies that may be predictive of low mathematics achievement and of later 
mathematical learning disabilities.  Thus, I will first review literature on the cognitive 
factors that contribute to mathematical learning disabilities (MLD; termed dyscalculia in 
the neuropsychological literature).  One currently debated hypothesis is that MLD can be 
attributed to deficits in an evolved system for processing the approximate quantity of 
discrete collections of objects, termed the approximate number system (ANS).  Several 
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recent studies suggest that variation in the ANS contributes to individual differences in 
mathematics achievement as well as MLD (e.g., Mazzocco, Feigenson, & Halberda, 
2011a, 2011b; Halberda, Mazzocco, & Feigenson, 2008; Piazza et al., 2010).  In this 
view, the ANS is an evolved scaffold upon which early symbolic mathematics is built, 
but this is vigorously debated.  An alternate hypothesis is that early individual differences 
in mathematics achievement generally and risk for later MLD in particular are more 
strongly related to an understanding of the meaning of quantitative symbols (e.g., De 
Smedt & Gilmore, 2011; Iuculano, Tang, Hall, & Butterworth, 2008; Rousselle & Noël, 
2007).  Of particular importance may be children’s early understanding of the cardinal 
value of number words, that is, the specific quantities represented by these words (Carey, 
2004; Wynn, 1990, 1992).   
Risk for Mathematical Learning Difficulties 
Studies conducted in the U.S. and some other nations (e.g., United Kingdom) 
indicate that about 25% of adults do not have the mathematical competencies needed for 
full participation in the modern economy or to manage many now routine day-to-day 
activities (Bynner, 1997; United States National Center for Educational Statistics, 2007).  
On the basis of Geary et al. (2013), children who start 1
st
 grade in the bottom 25% in 
number knowledge (e.g., knowing the quantities represented by Arabic numerals) are 2.8 
times more likely than average-knowledge 1
st
 graders to score in the bottom quartile on 
tests that predict employability and wages when they are adolescents, controlling 
intelligence, working memory and other factors.  Overall, it appears that students in the 
bottom 25% in mathematics achievement are at risk for poor long-term outcomes. 
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Indeed, studies of at-risk children often use a cutoff criterion at the 25
th
 percentile 
on standardized mathematics achievement tests (e.g., Fuchs, Fuchs, & Prentice, 2004).  
Recently, these studies have further decomposed this group into children with a 
mathematical learning disability (MLD) and persistent low achievement (LA).  Students 
with MLD score below the 10
th
 percentile on mathematics achievement tests for several 
grades, and those with LA score between the 11
th
 and 25
th
 percentiles..  A number of 
studies have found that LA children and children with MLD have different cognitive 
characteristics and growth trajectories (De Smedt & Gilmore, 2011; Geary et al., 2009; 
Geary, Hoard, Nugent, & Bailey, 2012; Murphy, Mazzocco, Hanich, & Early, 2007).  
Both groups of children exhibit difficulties in processing symbolic numbers and struggle 
with retrieval of addition facts, but children with MLD have domain general deficits as 
well, especially in the central executive component of working memory.  Children with 
MLD often have more severe numerical processing deficits than their LA peers, but once 
domain general abilities are controlled, the extent and profile of the numerical deficits are 
similar (Bailey & Geary, 2014).  An unresolved issue at this point concerns the nature 
and source of these numerical deficits, and whether these deficits can be traced to poor 
acuity of the ANS or to early difficulties in learning the meaning of number words and 
Arabic numerals. 
Early Quantitative Knowledge 
Kindergarten children who exhibit a poor understanding of numerals, number 
words, and the quantities they represent continue to perform poorly throughout schooling 
(e.g., Aunola et al., 2004; Jordan et al., 2007).  However, there is controversy over 
whether MLD and LA should be attributed to a core deficit in children’s early 
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nonsymbolic quantitative knowledge or symbolic quantitative knowledge.  As noted, the 
core system for processing nonsymbolic quantitative information is the ANS and the 
associated tasks involve making judgments of which is larger between two sets of 
quantities (such as dot arrays).  Evidence supporting a relation between the ANS and 
past, present, and future mathematics competence is mixed (for a review, see De Smedt, 
Noël, Gilmore, & Ansari, 2013).  In a recent review, De Smedt et al. found more 
consistent evidence for the role of symbolic knowledge, but suggested that the mixed 
results linking the ANS to mathematics achievement may be related to the types of items 
on the associated mathematics tests.  It may be that the ANS supports the learning of 
some types of symbolic mathematics but not others.  One aspect of early symbolic 
learning that may be affected by the acuity of the ANS is cardinal knowledge, that is, 
children’s explicit understanding of the quantities represented by quantitative symbols.  
This is because one of the evolved functions of the ANS is thought to be the implicit 
representation of approximate quantities (for a recent review see vanMarle, in press).   
Role of the Approximate Number System 
The ANS is a nonverbal representational system that is shared across species and 
is present throughout development.  This system produces approximate representations of 
discrete quantities that are more imprecise as quantities increase (e.g., Feigenson, 
Dehaene, & Spelke, 2004; Gallistel & Gelman, 1992, 2000).  The ability to discriminate 
between two quantities is predicted by the Weber fraction (ω), which reflects the smallest 
numerical change to a stimulus that can be reliably detected (Halberda & Feigenson, 
2008).  For the comparison of two sets of quantities (e.g., collections of objects), Weber 
fractions closer to 0 indicate the ability to discriminate similar quantities whereas larger 
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ω indicate poor discrimination.  A child with a low Weber fraction may reliably 
discriminate sets of similar size (e.g., 4 vs. 5), whereas a child with a higher ω will need 
larger differences between the quantities (e.g., 3 vs. 5) to achieve the same level of 
performance.  Many studies have found that ANS acuity, as measured by ω and task 
accuracy, correlates with individual differences in mathematics achievement (e.g., 
Halberda et al., 2008; Mazzocco et al, 2011a, 2011b; Piazza et al., 2010).   
In a series of studies, Mazzocco and colleagues found that ANS acuity is related 
to past, present, and future mathematics achievement.  In ninth graders, ANS acuity was 
retrospectively correlated with past performance on standardized mathematics 
achievement tests extending back to kindergarten, after controlling for cognitive factors 
such as IQ and working memory, (Halberda et al., 2008).  Follow-up studies have 
sometimes found that students with MLD have significantly poorer ANS precision than 
low-, typical-, and high-achieving students (Mazzocco et al., 2011a).  The acuity of the 
ANS may also be predictive of future mathematics performance.  Mazzocco et al. 
(2011b) found that 3- to 6- year-old preschoolers’ performance on a nonsymbolic number 
comparison task was selectively predictive of performance on a mathematics 
achievement test 2 years later.  Starr and Brannon (2013) found that 6-month-olds’ ANS 
acuity predicted their mathematics achievement 3 years later, controlling verbal ability.  
These results are of particular interest because performance on the nonsymbolic task was 
assessed prior to formal schooling, suggesting that ANS acuity may be useful as an early 
predictor of risk for MLD, as well as individual differences more generally.   
Indeed, Piazza et al. (2010) found significant deficits in the ANS for school-age 
children with dyscalculia, another term for MLD.  Here, TA kindergarteners, school-age 
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children (between 8 to 12 years old) and adults were compared to dyscalculic children 
(matched in age and IQ with the TA school-age children) on a nonsymbolic number 
comparison task.  School-age children also completed four subtests from a dyscalculia 
battery involving number reading, multiplication tables, simple addition, and complex 
written calculation.  Dyscalculic children had significantly poorer number acuity 
(measured by ω from performance on the nonsymbolic number comparison task) than 
their TA peers.  Moreover, the mean ω in the dyscalculic group did not differ 
significantly from that of typically developing kindergarteners (approximately 5 years 
younger), indicating a considerable delay in nonsymbolic processing of quantitative 
information.  Furthermore, the poor number acuity of the dyscalculic group was reflected 
in children’s poor performance on simple symbolic tasks involving comparison of Arabic 
numerals. 
There is also evidence that the relation between ANS acuity and mathematics 
achievement may change over time (Inglis, Attridge, & Batchelor, 2011; Bonny & 
Lourenco, 2013).  In a study conducted by Inglis et al., 7- to 9-year old children 
completed a nonsymbolic comparison task and were administered an achievement test.  
Adults also completed a nonsymbolic comparison task and a mathematics achievement 
test.  In this study, children with high ANS acuity scored higher on the mathematics 
achievement test than their peers with low ANS acuity, but this relation did not hold for 
adults.  In a study of 3- to 5-year olds, Bonny and Lourenco (2013) found that older 
children performed better than younger children on a nonsymbolic comparison task, 
consistent with previous studies that have shown ANS precision improves over 
development (Halberda & Feigenson, 2008).  Children with more precise ANS 
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representations also had better performance on a standardized test of mathematics 
achievement.  However, the relation between ANS acuity and mathematics achievement 
scores was marginally significant and significant for 3- and 4-year-olds, respectively, but 
not significant at all for 5-year-olds.  Follow-up analyses revealed that the higher a 
child’s level of mathematical competence, the weaker the link to ANS precision.  Thus, 
children who have higher achievement in mathematics may increasingly rely on 
representations of symbolic number rather than the ANS, resulting in the age-related 
decline in the importance of the ANS (see also vanMarle, Chu, Li, & Geary, 2014). 
The results from the Inglis et al. (2011) and Bonny and Lourenco (2013) studies 
are consistent with the hypothesis that the relation between ANS acuity and mathematical 
achievement changes with age.  Once children have reached a certain level of 
competence with symbolic mathematics, their intuitive number sense may be less 
relevant for mathematical learning, and thus, the relation between ANS acuity and 
mathematics performance declines while aspects of formal mathematics become more 
prominent (Geary, 2013). 
Understanding Quantitative Symbols 
 Despite the apparent connections between ANS acuity and mathematics 
achievement, the role of the ANS in MLD and in symbolic mathematics learning more 
broadly is vigorously debated.  Several researchers have argued, for example, that ANS 
deficits are independent of the deficits in symbolic number processing found in children 
with MLD and LA or do not exist at all for many MLD or dyscalculic children (De 
Smedt & Gilmore, 2011; Iuculano, Tang, Hall, & Butterworth, 2008; Rousselle & Noël, 
2007).  In Rousselle and Noël’s study, children with MLD performed slower and less 
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accurately than TA children when comparing the magnitudes of Arabic numerals, but did 
not differ significantly in performance on a nonsymbolic dot comparison task.  On the 
basis of this and related findings, Rousselle and Noël proposed an access deficit 
hypothesis, suggesting that MLD results from a deficit in mapping and accessing the 
nonverbal quantities represented by Arabic numerals, not a deficit in ANS acuity per se. 
Additional studies have supported the access deficit hypothesis.  In a study by 
Iuculano et al. (2008), performance on nonsymbolic comparison and approximation tasks 
did not predict performance on symbolic numerical comparison tasks, but performance 
on the latter differentiated children with MLD from their TA peers.  Also consistent with 
the access deficit hypothesis, LA children performed at normal levels on the nonsymbolic 
tasks but were significantly impaired on symbolic tasks that involved numeral 
comparison and addition.  De Smedt and Gilmore (2011) found similar results when 
comparing performance of MLD, LA, and TA children on symbolic and nonsymbolic 
numerical magnitude comparison and approximate addition tasks.  Children with MLD 
were consistently impaired in symbolic tasks, but did not differ significantly from LA and 
TA children on the nonsymbolic tasks.  Similarly, LA children showed deficits only on 
the symbolic approximate addition task, and these differences could not be explained by 
performance on the nonsymbolic approximate addition task.  Thus, these studies provide 
further evidence that mathematical difficulties result, at least in part, from impaired 
access to the quantities represented by symbolic numbers rather than to poor ANS acuity. 
In a study by Jordan, Glutting, and Ramineni (2010), children’s symbolic number 
fluency (related to counting, symbolic number knowledge, and arithmetic operations) at 
the beginning of first grade predicted later mathematics achievement.  After controlling 
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for age and cognitive abilities (i.e., language, spatial, and memory), children’s early 
symbolic understanding contributed significantly to their first- and third-grade 
mathematics achievement.  Importantly, the relation between children’s mathematics 
achievement strengthened over time, and consequently, Jordan et al. concluded that 
children who have a strong foundation in symbolic number and arithmetic at the 
beginning of first grade are more likely to benefit from mathematical experiences during 
schooling.  Children’s early understanding of symbolic numbers is a crucial foundation 
for later mathematics achievement.  For young children, the first central concept is 
understanding the meaning of the first quantitative symbols that they are learning.  Stated 
otherwise, the first step to symbolic mathematics is coming to understand the cardinal 
values associated with number words. 
Although children learn the count list early on, they do not necessarily understand 
the principle of cardinality.  One often used assessment of children’s understanding of 
cardinality is the give-a-number (or Give-N) task, developed by Wynn (1990, 1992).  
Here, children are asked to create a set with a specific number of items.  When 2 ½-to 3 
½-year-olds were asked to give a puppet a certain number of items (1, 2, 3, 5, or 6), older 
children showed an understanding of the cardinal word principle (CWP) by counting out 
the corresponding number of items and giving them to the experimenter, whereas 
younger children often grabbed a handful of items to give to the experimenter.  These 
children rarely used counting, and thus, did not show an understanding of the CWP.  
Surprisingly, children’s understanding of the meaning of number words emerges slowly 
over the course of several years (Carey, 2004; Sarnecka & Carey, 2008; Wynn, 1992).  
By about 2 ½ years, they come to understand the quantity represented by ‘one’ but do not 
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understand the specific quantities represented by other number words.  Over the next six 
months, most children acquire an understanding of ‘two,’ followed by ‘three’ several 
months later.  Once children understand ‘four,’ they typically understand the concept of 
cardinal value and generalize to all number words in their count list.  Given the centrality 
of cardinality to children’s early symbolic learning, it is a viable candidate for early risk 
of MLD and LA, in addition to or instead of an ANS deficit.   
Executive Function 
There is also substantial evidence that executive function (EF), which consists of 
higher-order cognitive processes that coordinate and control other cognitive processes, is 
related to children’s mathematics achievement (for a review, see Bull & Lee, 2014).  Bull 
and Lee discuss EF in terms of three components (updating, inhibition, and shifting) and 
conclude that these components may not be distinct in preschoolers or at least cannot be 
independently assessed (Blair & Razza, 2007; Clark, Pritchard, & Woodward., 2010).  
For preschool children performance on any one of these types of measures tends to be 
highly correlated with performance on the other types, and thus I simply use EF.   
In a study of 3- to 6-year-olds, Fuhs and McNeil (2013) found that EF may 
moderate the relation between measures of ANS acuity and mathematics achievement.  
Children in this study completed a discrete nonsymbolic comparison task (comparing two 
sets of stars) with three types of controls: total surface area equated, mean surface area 
equated, and surface area inversely related to numerosity (inverse trials).  Children were 
also administered mathematics achievement, receptive vocabulary, and EF tests.  Fuhs 
and McNeil found that the relation between ANS acuity and mathematics ability was 
only marginally significant.  Furthermore, children’s inhibitory control was significantly 
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correlated with ANS acuity, with a stronger relation for inverse trials than mean area and 
total area trials.  These are trials in which area and discrete number are incongruent, and 
thus, responding based on number requires inhibition of area information.  Children’s 
performance on inverse trials, but not mean area and total area trials, was predictive of 
mathematics ability.  When controlling for EF, the association between ANS acuity and 
mathematics achievement disappeared altogether.  Thus, Fuhs and McNeil concluded that 
the relation between ANS acuity and mathematics ability may be driven by EF.  The 
results of this study indicate that it may be critical to further explore the role of the ANS, 
particularly in at-risk populations and while considering the influence of EF, as well as 
other factors that have been shown to influence mathematics ability, including 
intelligence (Deary, Strand, Smith, & Fernandes, 2007; Geary, 2011), and preliteracy 
skills (Jordan, Kaplan, Oláh, & Locuniak, 2006; Krajewski & Schneider, 2009).   
Present Study 
 The current study focused on the quantitative development of preschoolers at the 
beginning and end of their first year of Title I preschool, with a specific focus on the 
relative influence of the ANS and cardinal knowledge on mathematics achievement for 
the overall sample and for those  at-risk for mathematical difficulties in particular.  
Accordingly, I focused on performance on two tasks, discrete quantity discrimination and 
give-a-number, at the beginning of the fall semester.  The discrete quantity discrimination 
task is a widely used measure of children’s nonsymbolic quantitative knowledge, and the 
give-a-number task is a widely used measure of children’s explicit understanding of the 
cardinal value of number words.  Children’s performance on these two tasks were used to 
predict their performance on a standardized mathematics achievement test (TEMA-3; 
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Ginsburg & Baroody, 2003) administered at the end of their first year of preschool.  The 
relation between performance on both tasks and mathematics achievement was assessed 
continuously and using subgroups based on percentile performance.  The latter followed 
commonly used procedures for identifying children at risk for persistent low achievement 
in mathematics or learning disabilities (Geary et al., 2007; Murphy et al., 2007); 
specifically, performance on the two tasks was split into average (above 25
th
 percentile) 
and low (at or below 15
th
 and 25
th
 percentiles) groups.  It might be argued that continuous 
and group-based analyses provide somewhat redundant information, but they 
nevertheless address different questions.  The continuous analyses inform the more 
general question of the relation between core symbolic and nonsymbolic quantitative 
competencies and mathematics achievement, and the group-level analyses more 
transparently address the question of whether an ANS deficit results in heightened risk 
for poor long-term achievement in mathematics.   
Method 
Participants 
 One hundred fifty-five children were recruited from the Title I preschool program 
within the public school system in Columbia, MO.  Title I Preschool is a federally-funded 
program that offers services to three- to five-year-old children with developmental needs 
and prepares them for successful school entry.  The Columbia Public Schools (CPS) Title 
I Preschool program serves over 650 children in 26 classrooms located throughout the 
district.  Consent forms were sent to all entering 3-year-olds, and the final sample 
consisted of those whose parents consented to participation.  Children were recruited in 
two cohorts, one entering in Fall of 2011 and one in Fall of 2012.  Due to low IQ scores 
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(IQ<70), 6 children were excluded from the analyses.  In addition, 11 children missed 
multiple testing sessions (due to moving away or dropping out of the preschool program) 
and were also excluded from analyses.  Thus, the final sample included 138 (64 boys) 
children.  The results presented are from the first year of preschool for both cohorts.  At 
the time of the first assessment, children had a mean age of 3 years 10 months (ranging 
from 3y2m to 4y4m). 
 Demographic information was obtained through parent survey for a subset 
(n=124) of the sample.  The ethnic composition of the sample was 85% non-Hispanic, 
10% Hispanic/Latino, and the remaining unknown.  The racial composition was 55% 
White, 24% Black, 10% more than one race, 9% Asian, and 2% unknown.  The self-
reported total household income was: $0-$25k (37%), $25k -$50k (25%), $50k-$75k 
(23%), $75k-$100k (13%), $100k-$150k (1%), $150k or more (1%).  Forty-one percent 
of respondents reported receiving food stamps, and 12% reported receiving housing 
assistance. 
Materials 
Quantitative tasks.  The quantitative tasks were administered in two batteries, 
each once in the fall semester and once in the spring semester, for a total of four sessions.  
Quant 1 consisted of tasks that assessed children’s counting (enumeration), ordinality 
(numeral choice), cardinality (give-a-number, point-to-x), magnitude sensitivity (discrete 
quantity discrimination), and informal arithmetic (magic box).  Quant 2 consisted of tasks 
that assessed children’s counting (verbal counting, counting knowledge), numeral 
recognition (numeral recognition), ordinality (numeral comparison), magnitude 
sensitivity (continuous quantity discrimination), and informal arithmetic (nonverbal 
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calculation).  The give-a-number and discrete quantity discrimination tasks are described 
below, and the remaining tasks are described in Chu et al. (2013).   
Give-a-Number.  The give-a-number task, hereafter referred to as the cardinality 
task, is frequently used to assess young children’s understanding of cardinal value, that is, 
children’s knowledge of the quantities represented by number words (Wynn, 1990).  
Here, children “fed” a puppet exactly 1, 2, 3, 4, 5, or 6 cookies from a pile.  Children 
placed the cookies on a plate and were then asked to count them to ensure they had the 
number of cookies they intended to feed the puppet.  Children began at set size 1 and 
advanced to the next set size after a correct response; if their response was incorrect, 
children went down one set size.  The highest number of objects they accurately gave the 
experimenter on at least 2 of 3 attempts was taken as the highest set size for which the 
child understood cardinality (Le Corre & Carey, 2007).   
Discrete Quantity Discrimination.  The discrete quantity discrimination task, 
hereafter referred to as the ANS task, is a commonly used measure of ANS acuity, that is, 
children’s nonsymbolic number sense.  Using the Panamath program (Halberda, 
Mazzocco, & Feigenson, 2008), children in the first cohort received 24 test trials on a 
laptop computer.  Based on results for this cohort, 4 relatively easy trials were added for 
the second cohort, which increased the proportion of children with at least one usable 
Weber fraction from 87% to 92%.  Each trial consisted of blue and yellow dots contained 
within rectangles of their respective color, and children were asked to identify which set 
“had more dots.” All dot displays consisted of at least 5 dots and were displayed for only 
2533 ms in order to prevent verbal counting.  The ratios of dots were randomly selected 
for each trial and varied between 1.29 and 3.38 for the first cohort, and the ratio for the 
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four items added for the second cohort ranged between 3.5 and 4.0.  Each ratio bin 
consisted of 6 trials, and the chosen ratios were based on previous empirical findings and 
are standard for 3-year-olds (Halberda et al., 2008).   
Cognitive Measures.  Children completed a cognitive battery to control for 
intelligence, executive function, and preliteracy skills. 
Intelligence.  Children completed the Receptive Vocabulary, Block Design, and 
Information subscales of the Wechsler Preschool and Primary Scale of Intelligence-III 
(WPPSI-III; Wechsler, 2002).  Following standard procedures, scores were scaled and 
prorated to generate an estimate of Full Scale IQ (intelligence). 
Executive function.  In order to measure executive function, children completed 
the Conflict EF scale developed for children from 2 to 6 years of age (Carlson, 2012; 
Beck, Schaefer, Pang, & Carlson, 2011).  This scale consists of 7 levels with a total of 70 
trials; the first four included 2 subsections (5 trials each) whereas Levels 5, 6, and 7 
included 10 trials each.  All children began on Level 2 following age-based procedures. 
 The scale consisted of a sorting task in which children were given a rule and 
asked to sort cards to two different boxes according to the rule.  Children were presented 
with two black plastic index card boxes with holes cut into the top.  The first four levels 
consisted of normal sorting trials, followed by conflict trials.  In normal sorting trials, 
children placed the card in the corresponding box depending on whether the card was, for 
example, a “big kitty” or a “little kitty.”  In conflict trials, children were told to switch the 
rule (i.e., “big kitty” would go in the “little kitty” box).  In subsequent levels, children 
sorted the cards depending on shape or color, with the rule reversed to create a conflict 
trial. More advanced levels required children to sort the card according to shape or color 
  
16 
 
depending on whether a black border was present or absent on the card.  Children had to 
complete four out of five trials correctly in order to move on to the next level.  For levels 
with ten trials, children had to complete four shape and four color (or four border and 
four non-border) trials correctly in order to proceed to the next level.  The score was the 
total number of correct conflict trials. 
Preliteracy.  Previous studies have suggested that early phonological awareness 
facilitates acquisition of number words, although not necessarily higher order 
mathematics (Krajewski & Schneider, 2009).  In addition, higher reading performance is 
associated with better overall performance on quantitative tasks (Jordan et al., 2006).  To 
assess children’s early preliteracy skills, one subtest of the Phonological Awareness 
Literacy Screening – PreK (PALS; Invernizzi, Sulivan, Meier, & Swank, 2004), Upper-
Case Alphabet Recognition, was administered.  This task has been shown to be a reliable 
indicator of later reading ability (Blatchford, Burke, Farquhar, Plewis, & Tizard, 1987). 
Mathematics achievement.  The Test of Early Mathematical Ability-3 (TEMA-3; 
Ginsburg & Baroody, 2003) was used to identify mathematics achievement groups.  The 
TEMA-3 is a nationally normed (M=100, SD=15) measure of young children’s 
mathematical competencies.  Items on the TEMA-3 included producing finger displays to 
represent different quantities, counting, making numerical comparisons, and some 
informal arithmetic.  All children started on the first item of the test and continued until 
they failed five consecutive items.  At this age, it is premature to determine whether 
children have MLD, and thus, we classified children who scored less than the 25
th
 
percentile on the TEMA-3 as at-risk for MLD and the remaining students as typically 
achieving (TA).   
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 There is some overlap in assessed competencies between the TEMA-3 and the 
quantitative tasks.  However, the quantitative tasks in the present study cover a broader 
range of competencies and include more difficult items for overlapping tasks.  The mean 
and standard deviation of the current sample indicated that children were, on average, 
successful on TEMA-3 items that involved enumerating up to 5, counting up to 10, 
cardinal knowledge using counting and give-an-item for sets of 5 or less, and numeral 
identification up to 6.  Although these tasks are similar to the enumeration, verbal 
counting, numeral recognition, and give-a-number tasks in the present study, our tasks 
included more items and were of greater difficulty.  For the ages assessed, most of the 
children would not have been administered items on the TEMA-3 that overlapped with 
our counting knowledge, numeral comparison, point-to-x, and ANS tasks. 
Procedure 
 Children were tested individually in six testing sessions lasting approximately 35 
minutes each.  The testing sequence and mean ages at each assessment are provided in 
Table 1.  All sessions were completed in a quiet location at their preschool facility.  
Quant 1 and Quant 2 were each administered, in separate sessions, once at the beginning 
of the fall semester and once in the middle of the spring semester.  At the beginning of 
the spring semester, children completed a cognitive battery in a single session, which 
included the EF scale (Beck et al., 2011), WPPSI-III (Wechsler, 2002), and upper case 
alphabet identification (Invernizzi et al., 2004).  Children completed the TEMA-3 
(Ginsburg & Baroody, 2003) in the final testing session at the end of the spring semester.  
The experimental procedure was reviewed and approved by the Institutional Review 
Board of the University of Missouri.  Written consent was obtained from all parents, and 
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all participants provided verbal assent for all testing sessions.  All sessions were 
videotaped and video records were used for coding and to determine reliability. 
Analyses 
As noted earlier, both continuous variable and performance group analyses were 
conducted.  Children were classified as TA or at-risk for MLD based on their national 
percentile rank on the TEMA-3.  Of the 133 children who completed the TEMA-3, 63 
children were classified as at-risk (≤25th percentile), and the remaining 70 children were 
classified as typically achieving (TA; above 25
th
 percentile).  Children were also divided 
into low (≤ 25th percentile) and average (> 25th percentile) performance groups for each 
of the two quantitative tasks, ANS and cardinality.  For the performance group analyses, 
contrasts were made against the average performance groups.  Null performance group 
results for discrete quantity discrimination were followed up with a low-ANS cutoff at 
the 15
th
 percentile to be certain that the null effects were not due to a liberal criterion for 
an ANS deficit. 
 Accuracy on the ANS task was significantly correlated with children’s Weber 
fraction (r=-.82, p<.001), and researchers have suggested that accuracy provides a 
psychometrically better measure of children’s nonsymbolic quantitative knowledge than 
does the Weber fraction (Inglis & Gilmore, 2014).  Thus, analyses were run using 
accuracy rather than the Weber fraction.  On the cardinality task, very few children had a 
score of 0 (n=2) or 5 (n=3), and thus these children were assigned to the groups with 
scores of 1 and 4, respectively.  The distributions of TEMA-3 scores for each of the ANS 
and cardinality performance groups are provided in Figure 1 and Figure 2, respectively.   
  
19 
 
Three sets of regressions were run using EF, IQ, PALS, and parental education as 
covariates.  For each set, analyses were performed using the continuous data 
(standardized) and the performance groups.  In the first set, accuracy on the ANS task 
was used as a predictor of TEMA-3 performance.  In the second, the cardinality task was 
used as a predictor of TEMA-3 performance.  Finally, both the ANS and cardinality tasks 
were used to predict TEMA-3 performance.  Following Piazza et al.’s (2010) finding of a 
substantial ANS deficit for children with dyscalculia and average intelligence, children 
with IQ scores between 90 and 110 were split into at-risk and TA groups based on 
TEMA-3 scores.  If an ANS deficit contributes to risk for poor long-term mathematics 
achievement, then children in the at-risk group should score significantly lower on the 
ANS task than children in the TA group, controlling for EF, preliteracy, and cardinality 
performance.  To ensure that any null results found were not due to a liberal criterion, 
these analyses were replicated using the 15
th
 national percentile rank on the TEMA-3 as a 
cutoff for at-risk performance.  
As another method to test the ANS deficit hypothesis, a regression analysis was 
run to predict ANS performance using the child’s executive function, IQ, early 
preliteracy skills, and parental education.  The residuals from this analysis estimate ANS 
functioning independent of these factors.  If the deficit hypothesis is correct, then the 
residuals should predict mathematics achievement and cardinality performance, and 
children with low scores on the residual variable should be over-represented in the 
mathematics at-risk group.   
To further explore the ANS deficit hypothesis, children were categorized into four 
groups based on the TEMA-3 and ANS subgroups noted above: at-risk – Low ANS, at-
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risk – Average ANS, TA – Low ANS, and TA – Average ANS.  If the hypothesis is 
correct, then there should be very few children in the at-risk – Average ANS and TA – 
low ANS groups, as assessed using a 2x2 chi-square test.  A second 2x2 chi-square test 
was run using the 15
th
 percentile as a cutoff for the Low ANS group.  These analyses 
were replicated substituting cardinality performance (i.e., give-a-number) for ANS 
performance.   
Results 
Overall sample means are shown in Table 2, along with means for children at-risk 
for poor long-term mathematics achievement and their TA peers.  The at-risk children 
had significantly lower EF (t(131)=-3.76, p<.001), IQ (t(131)=-5.19, p<.001), and PALS 
(t(129)=-7.19, p<.001) scores than the TA children, but the groups did not differ 
significantly on mean parent education (t(108)=-.045, p=.652).  Correlations for the ANS 
and cardinality tasks and covariates are provided in Table 3.  Covariates for the ANS and 
cardinality performance groups are presented in Table 4 and Table 5 respectively. 
ANS Deficit and Mathematics Achievement  
As shown in Table 6, without the covariates, both accuracy from ANS acuity and 
the associated percentile groups predicted mathematics achievement (t(120)=4.99, 
p<.001; t(120)=-3.25, p=.002, respectively).  Higher ANS-task accuracy was associated 
with higher mathematics achievement, and children who had low ANS acuity were more 
likely to score lower than children with average ANS performance on the mathematics 
test.  When the covariates (EF, IQ, PALS, and parent education) were included, the ANS 
performance groups no longer predicted mathematics achievement (t (98)=-1.49, p=.139), 
but the continuous variable remained significant (t(98)=2.14, p=.035); changing the low-
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ANS cutoff to the 15
th
 percentile did not change the results for the ANS performance 
groups (t(92)=-0.77, p=.444).   
The ANS residuals, obtained from the covariates of EF, IQ, PALS, and parental 
education, did not significantly predict mathematics achievement or cardinality scores 
(t(98)=1.30, p=.197; t(99)=1.03, p=.303, respectively).  However, a stronger test of the 
deficit hypothesis requires identification of lower than expected (given performance on 
the covariates) ANS performance and thus the analyses were replicated using the bottom 
15
th
 and 25
th
 percentiles.  For children in the bottom 25
th
 percentile of the ANS residuals, 
the residuals did not predict cardinality scores (β=-1.43, t(23)=-1.51, p=.145) but there 
was a trend for mathematics achievement (β=-1.26, t(24)=-1.77, p=.089).  Children who 
had less of an ANS deficit were marginally more likely to sore higher on mathematics 
achievement.  When both the ANS residuals and cardinal scores were included to predict 
mathematics achievement, the ANS residuals were no longer a significant predictor (β=-
0.68, t(23)=-1.05, p=.306), but cardinality scores were (β=0.36, t(23)=2.61, p=.016).  A 
stronger ANS deficit (more negative ANS residual) did not predict mathematics 
achievement, whereas higher cardinality scores were predictive of higher mathematics 
achievement as well.   
For children in the bottom 15
th
 percentile (n=15) on the ANS residuals, those who 
had a stronger ANS deficit had lower mathematics achievement scores  (β=-2.32, t(14)=-
2.88, p=.012), but  a stronger ANS deficit did not predict cardinality scores (β=-0.28, 
t(13)=-0.21, p=.835).  When both the ANS residuals and cardinality scores were used to 
predict mathematics achievement, the ANS residuals were a significant predictor (β=-
2.00, t(13)=-2.72, p=.019), and there was a trend for the cardinality scores (β=0.32, 
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t(13)=2.07, p=.061).  Thus, a stronger ANS deficit predicted poorer mathematics 
achievement, and higher cardinality scores was marginally related to higher mathematics 
achievement.  A summary of these results is presented in Table 7.   
As a contrast to the ANS results, cardinality scores predicted mathematics 
achievement with and without control of the covariates.  For the percentile groups,  
children who were low on cardinality had significantly lower mathematics achievement 
scores than children with average cardinality (without covariates, β=-1.16, t(127)=1.16, 
p<.001; with covariates, β=-0.60, t(102)=-3.72, p <.001), as shown in Table 86.  For the 
continuous variable, with and without covariates, children with a score of 6 on the 
cardinality task were the contrast group, and children in all other groups had significantly 
lower mathematics achievement scores, especially children with 0/1 or 2 scores (see 
Table 8 for a summary).   
Finally, inclusion of both the ANS and cardinality variables as predictors revealed 
the latter remained a significant predictor for both the continuous variable and percentile 
groups, whereas performance on the discrete quantity discrimination task did not (see 
Table 9 for a summary).  Similar to the previous analyses, children with a cardinality 
score of 6 composed the contrast group.  Again, children at lower levels of cardinality 
performance had significantly lower mathematics achievement scores, particularly those 
who scored 0/1 or 2 on the cardinality task. 
ANS Deficit in Average Intelligence Groups 
Among the 56 children with IQ scores between 90 and 110, 26 were classified as 
at-risk based on mathematics achievement scores and 30 as TA.  Means for the 
covariates, ANS and cardinality tasks as well as mathematics achievement are presented 
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in Table 10.  At-risk children did not differ significantly from TA children on IQ (t(54)=-
1.27, p=.209), but the groups did differ on EF (t(54)=-2.57, p=.013), and pre-literacy 
scores (t(52)=-3.47, p=.001).  Children in the at-risk group had lower ANS-task accuracy 
(M=65.66, SD=15.52) than the TA children (M=72.42, SD=17.31), but the difference was 
not significant (t(47)=-1.39, p=.173).  The children in the at-risk group had significantly 
lower cardinality scores than their TA peers (t=-4.05, p<.001).   
The analyses were replicated, using the 15
th
 mathematics achievement percentile 
as a cut-off (n = 17); the 25
th
 percentile remained the cutoff for average achievement.  
Table 10 shows the means for the covariates, ANS and cardinality scores, and 
mathematics achievement.  For the covariates, children in the at-risk group scored lower 
than TA children on the IQ (t(45)=-2.29, p=.027) and preliteracy measures (t(44)=-3.08, 
p<.001), but not on EF (t(45)=-1.66, p=.104).  The at-risk children scored lower than the 
TA children in the ANS task but the difference was not significant (t(41)=-0.76, p=.450).  
In contrast, the at-risk children had significantly lower cardinality scores (t(43)=-4.67, 
p<.001).   
ANS, Cardinality, and Mathematics Achievement Groups 
Table 11 shows the number of children categorized into the 15th and 25
th
 
percentile groups on the ANS and cardinality tasks across the at-risk and TA mathematics 
achievement groups.  There was a significant relation between group status on the ANS 
task and mathematics achievement for ANS cutoffs at the 25
th
 [χ2(1, N=122)=6.88, 
p=.009] and 15
th
 [χ2(1, N=113)=4.00, p=.046] percentiles; children categorized as low 
performing on the ANS task also tend to be categorized as at risk based on mathematics 
achievement..  The same pattern emerged for cardinality; 25
th
 percentile [χ2(1, 
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N=128)=27.61, p<.001] and the 15
th
 percentile (Fisher’s exact test used due to small cell 
size, p<.001).   
Discussion 
The current study provides some support for the hypothesis that poor ANS acuity 
heightens risk for mathematical learning difficulties in preschoolers, but the overall 
evidence indicates that children’s early emerging understanding of the cardinal value of 
number words may be a better indicator of risk.  I consider these findings in terms of the 
ANS deficit hypothesis and in terms of the potential foundational importance of cardinal 
knowledge to children’s early mathematical development.   
ANS Deficit and Mathematics Achievement  
 The current results help to address the vigorously debated role of the importance 
of the ANS to mathematics achievement generally (Bonny & Lourenco, 2013; Inglis et 
al., 2011) and to risk for long-term mathematical difficulties in particular (Halberda et al., 
2008; Piazza et al., 2010).  Consistent with previous findings (e.g., Mazzocco et al, 
2011a, 2011b; Piazza et al., 2010) and as we have reported previously (vanMarle et al., 
2014), accuracy on the ANS task was significantly correlated with mathematics 
achievement.  Previous studies that have reported such a relation have controlled for 
some potential confounds including IQ and working memory (Halberda et al., 2008) and 
executive function (Fuhs & McNeil, 2013), but none of these studies simultaneously 
controlled for EF, IQ, preliteracy skills, and parental education as was done here.  The 
finding of a relation between ANS task performance and mathematics achievement with 
these extensive controls is consistent with the argument that ANS acuity contributes to 
early mathematics achievement.  At the same time, cause and effect cannot be determined 
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from these results, as it is possible that children’s prior exposure to symbolic mathematics 
influenced their performance on the ANS task (Noël & Rousselle, 2011).  Even if ANS 
acuity causally contributes to mathematics achievement, it is clearly not the only factor.  
In the current study, IQ and preliteracy skills were more strongly predictive of 
mathematics achievement than the ANS, as was children’s cardinal knowledge (below). 
     I tested the ANS deficit hypothesis in several different ways; specifically, with 
raw and residualized ANS task accuracy, with cutoffs at the 25
th
 and 15
th
 percentiles, and 
for children in the average IQ range.  Overall, support for the ANS deficit hypothesis 
varied with the method used to test it, consistent with De Smedt et al.’s (2013) conclusion 
that the mixed results in the field may be due to differences in experimental methods and 
ages assessed.  Among children with average intelligence, children classified as at-risk 
based on their mathematics achievement scores did not differ significantly from TA 
children on the ANS task, although they did perform more poorly on the cardinal 
knowledge task (below).  These analyses were replicated with a 15
th
 percentile cutoff for 
low mathematics achievement, and there was still no significant difference between the 
TA and at-risk group on the ANS task.  This finding is inconsistent with results from 
Piazza et al.’s (2010) study in which dyscalculic children, who were identified based on 
symbolic arithmetic performance and had average IQ scores, differed significantly from 
their TA peers on ANS acuity.  The children in Piazza et al.’s study were older than the 
children in the present study, however, and as De Smedt et al. (2013) noted, longitudinal 
studies are needed to fully understand if the relation between ANS deficits and 
mathematics achievement changes over time.   
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 Using absolute ANS task performance and creating cutoffs at the 15
th
 and 25
th
 
percentiles did identify children who were categorized as at-risk based on their 
mathematics achievement scores, consistent with the deficit hypothesis.  Residualizing 
ANS task performance scores is another way to approach the question of whether an 
ANS deficit contributes to risk of poor mathematics achievement, controlling other 
factors.  Here, children below the 25
th
 percentile on the residuals did not show a 
mathematics achievement deficit but those below the 15
th
 percentile did, even with 
further control of cardinal knowledge.  These latter results provide the strongest evidence 
from this study that there may be a subgroup of children with an ANS deficit that results 
in risk for poor long-term mathematics achievement.  When analyzed in this way, the 
results are consistent with Piazza et al. (2010) and other studies (e.g., Halberda et al., 
2008; Mazzocco et al., 2011a ), and suggest that the mixed results in the literature may be 
related in part to differences in the composition of at-risk, dyscalculic, or MLD groups.   
At the same time, the other findings here and those described below also indicate 
that there are other at-risk children who do not have an ANS deficit.  The overall pattern 
is in fact consistent with Dowker’s (2005) argument that within at-risk or learning 
disabled groups, there will be individual differences in these children’s quantitative 
strengths and weaknesses.   
Cardinal Knowledge 
 Children’s explicit knowledge of the cardinal value of number words, the first 
quantitative symbols they learn, at the beginning of preschool significantly predicted 
mathematics achievement at the end of the one year of preschool, even after accounting 
for intelligence, executive function, early preliteracy skills, and parental education.  In 
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comparison to the mixed findings for the ANS variable, children scoring below the 15
th
 
or 25
th
 percentile on the cardinality task were over-represented in the at-risk for 
mathematical difficulties group.  These results are consistent with other studies that have 
with found that children with MLD did not differ significantly from their TA peers on 
nonsymbolic, ANS tasks, but differed significantly on symbolic comparison tasks (e.g., 
De Smedt & Gilmore, 2011; Iuculano et al., 2008).   
These results are also consistent with the access deficit hypothesis (Rousselle & 
Noël, 2007).  When both cardinality and ANS performance were used to predict 
mathematics achievement, cardinal knowledge remained a significant predictor while 
ANS performance did not.  In short, children who did not yet understand that the 
quantities associated with number words were more likely to be at risk for mathematical 
difficulties than were children with poor ANS acuity.   
Implications 
 Although the results of the present study provides some support for the ANS 
deficit hypothesis, the overall evidence suggests that learning the meaning of quantitative 
symbols, however it is achieved, is a better indicator of young children’s developing 
mathematical competencies.  This conclusion is bolstered by control of the potential 
confounds of executive function, intelligence, early preliteracy skills, and parental 
education.  This has important implications for children who are at risk for poor 
mathematics achievement.  Jordan et al. (2010) previously found that children who had a 
strong foundation in symbolic number knowledge at the beginning of first grade were 
more likely to benefit from mathematical experiences during schooling, and that the 
relation between early symbolic knowledge and children’s later mathematics 
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achievement strengthened over time (see also Geary et al., 2013).  In combination with 
the findings from Jordan et al., preschool children who are delayed in the learning of 
cardinality may have long term disadvantages in learning other aspects of mathematics, 
given that cardinality is a foundational concept for much of symbolic mathematic.  
Previous research (Wynn; 1990, 1992) found that children who understood the principle 
of cardinality were more likely to count the items in the set while using one-to-one 
correspondence in order to generate the correct number of items requested.  
Consequently, interventions for preschoolers at-risk for poor outcomes in mathematics 
might focus on counting and one-to-one correspondence, as these are skills that facilitate 
children’s understanding of cardinality.   
This does not mean that interventions that target the ANS will not be helpful.  
Indeed, our results indicate that there is likely a subgroup of children who have poor ANS 
acuity, independent of their cardinal knowledge, executive function, IQ, and other 
factors.  Moreover, myself and colleagues have found that acuity of the ANS predicts 
performance on the cardinality task, controlling other factors (vanMarle et al., 2014; 
vanMarle, Chu, Mou, and Geary; 2014, under review).  It may be that ANS acuity 
influences how quickly one acquires an understanding of cardinality because the ANS is 
thought to implicitly represent the cardinal value of collections of items.  Moreover, Starr 
et al. (2013) found that infants’ preverbal number sense predicted their mathematics 
achievement in early childhood, suggesting that ANS-based interventions may be useful 
for children at risk for poor achievement before they learn number words.  In this view, 
early interventions may be multifaceted, targeting both ANS acuity and explicit 
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understanding of cardinality.  The relative focus on the ANS or cardinality may vary with 
age and across individual children. 
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Figures 
Figure 1. Distribution of TEMA Percentile - ANS Performance Groups 
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Figure 2. Distribution of TEMA Percentile - Cardinality Performance Groups 
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Figure 3. ANS Performance by Mathematics Achievement Groups 
  
Note: TA = Typically Achieving (>25
th
 percentile); At-risk = ≤25th percentile 
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Figure 4. Distribution of ANS Performance by Mathematics Achievement Groups 
 
Note: TA = Typically Achieving (>25
th
 percentile); At-risk = ≤25th percentile 
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Figure 5. Cardinality Performance by Mathematics Achievement Groups 
 
Note: TA = Typically Achieving (>25
th
 percentile); At-risk = ≤25th percentile 
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Figure 6. Distribution of Cardinality Scores by Mathematics Achievement Groups 
 
Note: TA = Typically Achieving (>25
th
 percentile); At-risk = ≤25th percentile 
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Tables 
Table 1. Sequence of Tasks and Ages 
Sequence of tasks Age of children 
Quant 1 (Fall) 
- Enumeration 
- Give-a-Number 
- Point-to-X 
- Magic Box 
- Discrete Quantity Discrimination 
- Ordinal Choice 
Mean: 3y10m 
Range: 3y2m – 4y6m 
Quant 2 (Fall) 
- Verbal Counting 
- Nonverbal Calculation 
- Numeral Recognition 
- Numeral Comparison 
- Counting Knowledge 
- Continuous Quantity Discrimination 
Mean: 3y11m 
Range: 3y4m – 4y7m 
Cognitive battery 
- Executive Function (Card Sorting) 
- WPPSI-III (Receptive Vocabulary, Block Design, 
Information) 
- PALS (Upper-Case Alphabet Recognition) 
Mean: 4y1m 
Range: 3y6m – 4y10m 
Quant 1 (Spring) Mean: 4y2m 
Range: 3y6m – 4y11m 
Quant 2 (Spring) Mean: 4y3m 
Range: 3y7m – 5y0m 
Test of Early Mathematics Ability-3 (TEMA-3) Mean: 4y4m 
Range: 3y8m – 5y1m 
Note: WPPSI-III = Wechsler Preschool and Primary Scale of Intelligence-III (Wechsler, 
2002), PALS = Phonological Awareness Literacy Screening (Invernizzi et al., 2004). 
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Table 2. Overall Means of Quantitative Tasks - Time 1 
Full Sample 
Quantitative Tasks N Mean Std Dev Min Max 
 Cardinality (Give-a-
Number) 
133 3.34 1.89 0 6 
 ANS (Discrete Quantity 
Discrimination) 
127 67.85 17.34 36.67 100 
Covariates 
 Executive Function 138 32.26 13.56 11 69 
 IQ 138 97.65 15.9 73 142 
 PALS 136 12.88 9.36 0 26 
 Parent Education 114 1.64 0.58 0 2 
At-risk 
Quantitative Tasks 
 
Cardinality 59 2.24 1.29 0 6 
 
ANS 54 61.82 15.42 36.67 100 
Covariates 
 
Executive Function 63 27.79 12.51 14 48 
 
IQ 63 90.7 13.04 73 132 
 
PALS 62 7.68 7.45 0 25 
 
Parent Education 47 1.62 0.64 0 2 
TA 
Quantitative Tasks 
 
Cardinality 69 4.29 1.81 0 6 
 
ANS 68 72.03 17.38 36.67 100 
Covariates 
 
Executive Function 70 36.27 13.38 11 69 
 
IQ 70 103.77 15.68 75 142 
 
PALS 69 17.62 8.29 2 26 
 
Parent Education 63 1.67 0.51 0 2 
Note: TEMA-3 = Test of Early Mathematics Ability-3 (Ginsburg & Baroody, 2003); IQ 
= Intelligence (Wechsler Preschool and Primary Scale of Intelligence-III, Wechsler, 
2002); PALS = Phonological Awareness Literacy Screening (Invernizzi et al., 2004). 
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Table 3. Correlations between ANS and Cardinality Tasks and Covariates 
  
1 2 3 4 5 6 7 
1 ANS -- 
      
2 Cardinality .38** -- 
     
3 TEMA-3  .41** .71** -- 
    
4 Executive Function .39** .46** .41** -- 
   
5 IQ .36** .47** .58** .40** -- 
  
6 PALS .21* .49** .58** .25** .33** -- 
 
7 Parent Education .01 .16 .05 .08 .23* .22* -- 
Note: ANS = ANS acuity task (discrete quantity discrimination); TEMA-3 = Test of 
Early Mathematics Ability-3 (Ginsburg & Baroody, 2003); IQ = Intelligence (Wechsler 
Preschool and Primary Scale of Intelligence-III, Wechsler, 2002); PALS = Phonological 
Awareness Literacy Screening (Invernizzi et al., 2004). * Correlation is significant at the 
.05 level.  ** Correlation is significant at the .01 level. 
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Table 4. Predicting Mathematics Achievement from ANS Acuity 
Without Covariates 
   
Beta SE t p 
 
Raw Score (Accuracy) 
  
Intercept 0.07 0.08 0.83 .411 
  
ANS 0.42 0.08 4.99 <.001 
 
Percentile Groups (25
th
 percentile) 
  
Intercept 0.24 1.56 2.32 <.001 
  
ANS* -0.63 2.90 -3.25 .002 
With Covariates 
   
Beta SE t p 
 
Raw Score (Accuracy) 
  
Intercept 0.01 0.09 0.10 .917 
  
IQ 0.32 0.08 3.77 <.001 
  
Parent Education 
    
       Less than HS 0.25 0.35 0.73 .470 
       HS degree 0.19 0.17 1.13 .262 
       At least some college 0.00 . . . 
  
Executive Function 0.08 0.08 1.05 .298 
  
PALS 0.45 0.08 5.71 <.001 
  ANS 0.18 0.08 2.15 .034 
 
Percentile Groups (25
th
 percentile) 
  
Intercept 93.74 1.59 59.09 <.001 
  
IQ 4.90 1.27 3.87 <.001 
  Parent Education     
  
     Less than HS 4.97 5.14 0.97 .337 
       HS degree 2.63 2.50 1.05 .295 
       At least some college 0.00 . . . 
  
Executive Function 1.72 1.19 1.45 .151 
  
PALS 6.77 1.17 5.78 <.001 
  ANS* -3.86 2.59 -1.49 .139 
*Note: ANS = ANS acuity task (discrete quantity discrimination); IQ = Intelligence 
(Wechsler Preschool and Primary Scale of Intelligence-III, Wechsler, 2002); PALS = 
Phonological Awareness Literacy Screening (Invernizzi et al., 2004).Low-performing 
(≤25th percentile) children were coded at 0 and average-performing children (>25th 
percentile) were coded 1; the average-performing children were the contrast group.   
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Table 5. Covariates for ANS Performance Groups 
Covariate N Mean Std Dev Minimum Maximum 
>25
th
 percentile 
 
Executive Function 91 34.98 13.1 11 69 
IQ 91 101.05 16.3 73 142 
PALS 90 14.11 9.12 0 26 
Parent Education* 76 1.63 0.59 0 2 
≤25th percentile 
 
Executive Function 36 27.42 13.49 14 56 
IQ 36 90.47 13.49 73 133 
PALS 36 10.86 9.83 0 26 
Parent Education* 29 1.62 0.62 0 2 
≤15th percentile 
 
Executive Function 27 25.67 12.76 14 46 
IQ 27 88.85 12.5 73 118 
PALS 27 10.41 9.84 0 26 
Parent Education* 22 1.68 0.57 0 2 
*Note: IQ = Intelligence (Wechsler Preschool and Primary Scale of Intelligence-III, 
Wechsler, 2002); PALS = Phonological Awareness Literacy Screening (Invernizzi et al., 
2004).  0=no HS degree for both parents, 1=HS degree for at least one parent, 2=some 
college for at least one parent.   
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Table 6. Covariates for Cardinality Performance Groups 
Covariate N Mean Std Dev Min Max 
>25
th
 percentile 
 Executive Function 75 37.25 13.06 15 69 
IQ 75 102.99 16.54 74 142 
PALS 75 15.89 8.87 1 26 
Parent Education* 67 1.69 0.53 0 2 
≤25th percentile 
 Executive Function 58 26.47 11.56 11 46 
IQ 58 91.28 12.82 73 132 
PALS 56 9.05 8.72 0 26 
Parent Education* 42 1.52 0.67 0 2 
≤15th percentile 
 Executive Function 23 19.43 7.37 11 42 
IQ 23 86.22 10.24 73 109 
PALS 22 7.68 8.91 0 26 
Parent Education* 16 1.5 0.73 0 2 
*Note: IQ = Intelligence (Wechsler Preschool and Primary Scale of Intelligence-III, 
Wechsler, 2002); PALS = Phonological Awareness Literacy Screening (Invernizzi et al., 
2004).0=no HS degree for both parents, 1=HS degree for at least one parent, 2=some 
college for at least one parent.   
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Table 7. ANS Deficit and Mathematics Achievement 
 Estimate Standard 
Error 
t p 
Bottom 25th Percentile 
ANS Residuals predicting TEMA-3 
Intercept -1.20 0.79 -1.51 .145 
ANS Residuals -1.26 0.71 -1.77 .089 
ANS Residuals predicting Cardinality 
Intercept 1.75 1.07 1.64 .114 
ANS Residuals -1.43 0.95 -1.51 .145 
Residuals and Cardinality predicting TEMA-3 
Intercept -1.71 0.74 -2.30 .031 
ANS Residuals -0.68 0.65 -1.05 .306 
Cardinality 0.36 0.14 2.61 .016 
Bottom 15th Percentile 
ANS Residuals predicting TEMA-3 
Intercept -2.69 1.01 -2.66 .019 
ANS Residuals -2.32 0.80 -2.88 .012 
ANS Residuals predicting Cardinality 
Intercept 3.32 1.67 1.99 .068 
ANS Residuals -0.28 1.31 -0.21 .835 
ANS Residuals and Cardinality predicting TEMA-3 
Intercept -3.40 1.06 -3.20 .008 
ANS Residuals -2.00 0.73 -2.72 .019 
Cardinality 0.32 0.15 2.07 .061 
Note: ANS = Approximate Number System; TEMA-3 = Test of Early Mathematics 
Ability-3 (Ginsburg & Baroody, 2003) 
  
  
48 
 
Table 8. Predicting Mathematics Achievement from Cardinality 
Without Covariates 
   
Beta SE t p 
 
Raw Score 
  
Intercept 1.18 0.12 10.14 <.001 
  
Cardinality 
    
       0 or 1 -2.07 0.19 -11.16 <.001 
       2 -1.62 0.16 -9.91 <.001 
       3 -1.24 0.20 -6.14 <.001 
       4 or 5 -1.22 0.19 -6.35 <.001 
       6 0.00 . . . 
 
Percentile Groups (25
th
 percentile) 
  
Intercept 0.54 0.10 0.10 5.51 
  
Cardinality* -1.16 0.15 0.15 -7.87 
With Covariates 
   
Beta SE t p 
 
Raw Score 
  
Intercept 0.84 0.15 5.67 <.001 
  
IQ 0.27 0.07 3.94 <.001 
  
Parent Education     
       Less than HS 0.47 0.28 1.66 .101 
       HS degree 0.06 0.14 0.42 .678 
       At least some college 0.00 . . . 
  
Executive Function -0.01 0.07 -0.13 .899 
  
PALS 0.20 0.08 2.59 .011 
  Cardinality     
       0 or 1 -1.43 0.25 -5.73 <.001 
       2 -1.23 0.20 -6.08 <.001 
       3 -0.93 0.21 -4.46 <.001 
       4 or 5 -0.93 0.21 -4.49 <.001 
       6 0.00 . . . 
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Table 8 continued. 
 
Percentile Groups (25
th
 percentile) 
  
Intercept 0.24 0.11 2.25 .027 
  
IQ 0.34 0.08 4.52 <.001 
  
Parent Education     
       Less than HS 0.44 0.32 1.37 .175 
       HS degree 0.15 0.15 0.96 .339 
       At least some college 0.00 . . . 
  
Executive Function 0.04 0.08 0.52 .602 
  
PALS 0.37 0.08 4.93 <.001 
  Cardinality* -0.60 0.16 -3.72 <.001 
*Note: IQ = Intelligence (Wechsler Preschool and Primary Scale of Intelligence-III, 
Wechsler, 2002); PALS = Phonological Awareness Literacy Screening (Invernizzi et al. 
2004).  Low-performing (≤25th percentile) children were coded at 0 and average-
performing children (>25
th
 percentile) were coded 1; comparisons on cardinality task 
were made against the average-performing group.  For the raw score on cardinality, 
comparisons were made against the group with a score of 6.    
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Table 9. Predicting Mathematics Achievement from ANS Acuity and Cardinality 
   
Beta SE t p 
 
Raw Score 
  
Intercept 0.83 0.15 5.41 <.001 
  IQ 0.25 0.07 3.49 .001 
  Parent Education     
       Less than HS 0.36 0.29 1.23 .221 
       HS degree 0.05 0.14 0.36 .722 
       At least some college 0.00 . . . 
  Executive Function -0.04 0.07 -0.53 .596 
  PALS 0.20 0.08 2.48 .015 
  
ANS 0.08 0.07 1.14 .259 
  
Cardinality     
  
     0 or 1 -1.37 0.26 -5.32 <.001 
  
     2 -1.15 0.21 -5.51 <.001 
  
     3 -0.86 0.22 -3.88 <.001 
  
     4 or 5 -0.87 0.22 -3.97 <.001 
  
     6 0.00 . . . 
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Table 9 continued. 
 
 
Percentile Groups (25
th
 Percentile) 
  
Intercept 0.36 0.12 2.98 .004 
  
IQ 0.31 0.08 3.89 .000 
  
Parent Education     
  
     Less than HS 0.35 0.32 1.08 .283 
  
     HS degree 0.12 0.16 0.77 .444 
  
     At least some college 0.00 . . . 
  Executive Function 0.01 0.08 0.18 .857 
  PALS 0.36 0.08 4.64 <.001 
  ANS     
       Low -0.26 0.17 -1.59 .115 
       Average 0.00 . . . 
  Cardinality     
       Low -0.61 0.17 -3.71 <.001 
  
     Average 0.00 . . . 
*Note: IQ = Intelligence (Wechsler Preschool and Primary Scale of Intelligence-III, 
Wechsler, 2002); PALS = Phonological Awareness Literacy Screening (Invernizzi et al. 
2004); ANS = Approximate Number System acuity task (discrete quantity 
discrimination). Low-performing (≤25th percentile) children were coded at 0 and average-
performing children (>25
th
 percentile) were coded 1; comparisons on the ANS and 
cardinality tasks were made against the average-performing group.  For the raw score on 
cardinality, comparisons were made against the group with a score of 6.   
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Table 10. Covariate and Task Means for Mathematical Achievement Status Groups 
Task N Mean SD Min Max 
TA (>25th percentile)      
 
IQ 30 99.73 5.56 90 110 
 
Executive Function 30 35.50 11.12 15 52 
 
PALS 29 16.34 8.51 2 26 
 
Parent Education 25 1.72 0.54 0 2 
 
TEMA  30 103.23 9.96 91 129 
 
ANS  30 72.42 17.31 45.83 100 
 
Cardinality   30 3.73 1.84 0 6 
At-Risk (≤25th percentile) 
     
  IQ 26 97.85 5.52 90 109 
 
Executive Function 26 27.50 12.14 15 46 
 
PALS 25 8.76 7.37 0 22 
 
Parent Education 20 1.80 0.52 0 2 
 
TEMA  26 80.19 5.46 72 88 
 
ANS 19 65.66 15.52 40 95.83 
 
Cardinality  23 2.04 1.22 0 5 
At-Risk (≤15th percentile) 
     
  IQ 17 96.12 4.51 90 103 
 
Executive Function 17 29.59 12.76 15 46 
 
PALS 17 8.47 8.09 0 22 
 
Parent Education 14 1.71 0.61 0 2 
 
TEMA  17 76.94 3.58 72 83 
 
ANS 13 68.20 14.91 40 95.83 
 
Cardinality  15 1.80 0.94 0 4 
Note: IQ = Intelligence (Wechsler Preschool and Primary Scale of Intelligence-III, 
Wechsler, 2002); PALS = Phonological Awareness Literacy Screening (Invernizzi et al., 
2004); TEMA-3 = Test of Early Mathematics Ability-3 (Ginsburg & Baroody, 2003); 
ANS = ANS acuity task (discrete quantity discrimination). 
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Table 11. Mathematics Achievement and ANS or Cardinality Performance Groups 
 ANS Cardinality 
 At-Risk TA  At-Risk TA 
25
th
 Percentile Cutoff      
Low  22 13 
 
41 16 
Average 32 55 
 
18 53 
      
15
th
 Percentile Cutoff      
Low  16 10 
 
19 3 
Average 32 55 
 
18 53 
*Note: Percentile cutoff is for Low group on the ANS or Cardinality Task, Average 
consisted of those above 25
th
 percentile.  At-risk refers to mathematics achievement 
scores at or below the 25
th
 percentile in mathematics achievement and TA refers to scores 
above the 25
th
 percentile. 
